Radiobiology is moving towards a better understanding of the intercellular signaling that occurs upon radiation and how its effects relate to the dose applied. The mitochondrial role in orchestrating this biological response needs to be further explored. Cybrids (cytoplasmic hybrids) are useful cell models for studying the involvement of mitochondria in cellular processes. In the present study we used cybrid cell lines to investigate the role of mitochondria in the response to radiation exposure. Cybrid cell lines, derived from the osteosarcoma human cell line 143B, harboring, either wild-type mitochondrial DNA (Cy143Bwt), cells with mitochondria with mutated DNA that causes mitochondrial dysfunction (Cy143Bmut), as well as cells without mitochondrial DNA (mtDNA) (143B-Rho0), were irradiated with 0.2 Gy and 2.0 Gy. Evaluation of the non-targeted (or bystander) effects in non-irradiated cells were assessed by using conditioned media from the irradiated cells. DNA double stranded breaks were assessed with the γH2AX assay. Both directly irradiated cells and cells treated with the conditioned media, showed increased DNA damage. The effect of the irradiated cells media was different according to the cell line it derived from: from Cy143Bwt cells irradiated with 0.2 Gy (low dose) and from Cy143Bmut irradiated with 2.0 Gy (high dose) induced highest DNA damage. Notably, media obtained from cells without mtDNA, the143B-Rho0 cell line, produced no effect in DNA damage. These results point to a possible role of mitochondria in the radiation-induced non-targeted effects. Furthermore, it indicates that cybrid models are valuable tools for radiobiological studies.
Ionizing radiation (IR) is used in cancer therapy due to its ability to control tumor growth by inducing DNA damage. In the last decades, it has been demonstrated that the effects occurring in bystander non-irradiated cells which receive signals from irradiated counterparts, mimic those happening in directly irradiated cells [1] [2] [3] . This phenomenon is commonly denominated as the non-targeted effects (NTE) or bystander effects of irradiation 4 . This intercellular communication can occur via intercellular gap junctions -with a dependence on the connexins expressed by the irradiated cells and their ability to communicate this stress stimulus (irradiation) to neighbor cells 5 ; and/or via the release of factors directly or via exosomes to the extracellular media that can reach cells further away from the releasing cells [6] [7] [8] [9] .
Nagazawa and Little, who described the occurrence of chromosomal aberrations in the progeny of cells that were irradiated with alpha particles, were among the first bringing the attention to the effects of DNA damage that are not a direct consequence of IR exposure 10 . The chromosomal aberrations, observed in the form of sister chromatid exchanges, resulted from very low levels of exposure, suggesting that only a small fraction of the initial cells were irradiated, and lasted for several generations after irradiation 10 .
A possible mechanism related to these effects would be intercellular signaling mediated by factors released from irradiated cells, which could trigger a response in neighboring cells 11 . However, the nature of the released signals is still unclear. Several factors have been proposed: typical inflammatory cytokines such as interleukin 6 (IL6) or other molecules involved in inflammation, like pro-apoptotic cytokine Fas-L, could be responsible for the alterations observed in non-irradiated cells 12 . Nitric oxide (NO) also constitutes a possible vehicle through which irradiated cells activate response processes in adjacent non-irradiated cells 13 . It was shown that a NO scavenger -2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (c-PTIO) -is able to decrease micronuclei formation in neighboring cells after IR 14 . NTE in the form of mutational load were lower when Bay 11-7082, a pharmacological inhibitor of nuclear factor-κB (NF-κB) activation, was used, indicating another candidate for bystander signaling mechanism 15, 16 . Reactive oxygen species (ROS), important signal molecules and key players in cellular homeostasis 17 , are another possibility for the signaling transduction 7 as well as oxidized DNA fragments 18 and cell free chromatin, shown to induce a response in non-irradiated cells via the NF-E2 related factor-2 (NRF2) 19 . There is also evidence for a role of purinergic mechanisms activating DNA damage receptors 20 . Another possibility lies in the release of microRNAs (such as miR-21) by the irradiated cells which will increase DNA damage in bystander cells 21 . In fact, miRNAs are described as key players in the gene regulation in response to cellular irradiation 8 . Exosomes, a form of extracellular vesicles (EVs) that are released by cells under various conditions as a form of extracellular communication, are cited in various contexts as carriers of some of the aforementioned molecules [22] [23] [24] . Table 1 lists proposed candidates of bystander cell signals. Recent work has shined light into a particular type of cellular communication, one that occurs via electromagnetic radiation in the ultra violet (UV) light spectrum 25 . These biophotons are emitted by biological material and have been described to occur as a response to stress. In the context of radiation and NTE, they have been implicated as a possible mechanism by which cells alert others about radiation-induced changes 26 . Le et al. verified that cells exposed to IR emit biophotons which incite the release of exosomes on the bystander cells 24 .
It seems plausible that the radiation-related signaling is part of an integrated complex response to stress, which is used to alert and improve the adaptation of the cellular population, in order to maintain cellular homeostasis. Mitochondrial function appears to be linked to the efficacy of these mechanisms at several levels. In fact, mitochondria are not only responsible for ATP synthesis, they are also essential for other cellular tasks, such as fatty acid metabolism 27 , Ca 2+ homeostasis 28 , apoptotic cascades 29 , among others. Moreover, in a recent work, Ariyoshi et al. proposed another important role for mitochondria in NTE. They observed that irradiated cells release mitochondrial (mtDNA) into exosome-like vesicles that act as signals to the bystander cells. Accordingly, irradiated cells lacking mtDNA were not able to increase DNA damage levels in bystander (non-irradiated) cells, which reinforces the assumption of mtDNA as a bystander signal upon irradiation 9 . Additionally, the function of the mitochondrial complex I was shown to be disrupted in bystander cells as a response to biophotons-mediated NTE 30 , which suggests that mitochondria can not only be players in NTE mediation, but also susceptible to NTE signals.
Cytoplasmic hybrid, or cybrid, cell lines were developed as models for studying mtDNA influence in a myriad of cellular processes 31 . Cybrids share the same nuclear DNA background but differ in their mitochondrial DNA content, allowing a proper distinction of the effects caused from specific mtDNA alterations 31 . Cybrids are important tools for studying diseases arising from mitochondrial dysfunction, as reviewed by van Gisbergen et al. 32 , but they are also interesting in vitro models to study the role of mitochondria in cellular processes 33 . In line with this, we hypothesize that cybrids can serve as good models to understand the role of mitochondria in the signalling mechanisms occurring upon IR.
In a previous work from our group, osteosarcoma cybrids carrying an adenine to thymine transition in the position 3243 in mtDNA were studied. This gene encodes for the tRNA for leucine and this alteration was shown to cause the cells to exhibit altered metabolism (lower oxygen consumption, and higher glucose consumption and lactate production), increased ROS levels, and increased motility and migration capacities 34 . In this study we used these cell models for studying the effects of IR as an anti-cancer therapy, as they have altered mitochondrial function 34 .
We hypothesized that altered mitochondrial function changes response to direct irradiation and could also change the bystander effect through changes in irradiated cells conditioned media composition.
Materials and Methods
Cell culture. The three cell lines used in this study were Cy143Bwt, Cy143Bmut and 143B-Rho0. The143B-Rho0 cells (devoided of mtDNA) were obtained from the 143B osteosarcoma-derived cell line after transient expression of UL12.5 Herpes Simplex protein, leading to mtDNA degradation 35 . The Cy143Bwt cybrid cell line was obtained by fusing 143B-Rho0 cells with human XTC.UC1 enucleated cells and subsequent isolation of single cell clones harbouring WT mtDNA. The Cy143Bmut was obtained by fusing 143B-Rho0 cells with human platelets from a patient with encephalopathy disease carrying the A3243T mtDNA mutation in the mitochondrial tRNA lLeu(UUR) gene. All the three cell lines share the same nuclear background and only differ in their mtDNA content.
143B-Rho0 were established at Dr Keshav Singh Lab [University of Alabama at Birmingham (UAB), Alabama (AL), United States of America (USA)]. The other two cybrid cell lines used were established by our group 34 .
143B-Rho0 cells are pyrimidine and pyruvate auxotrophs and therefore need to be cultured in medium supplemented with uridine and pyruvate. For a matter of consistency, all cell lines were cultured in Dulbecco's Modified DNA extraction, PCR and sequencing. DNA extraction was performed using GRS Genomic DNA Kit -Blood & Cultured Cells according to the manufacturer's instructions (Grisp Research Solutions, Portugal) for DNA isolation from cell pellets. Nucleic acid concentrations were determined using the NanoDrop ND-1000 Spectrophometer (Nanodrop Technologies, Inc., DE, USA). mtDNA tRNA Leu(UUR) mutation was assessed by PCR followed by direct sequencing. The primers used for amplification covered the region of the A3243T mutation of the tRNA Leu(UUR) gene, forward (FW) primer (5′-ACACCCACCCAAGAACAGGGTTT-3′) and reverse (RV) primer (5′-GTAGAATGATGGCTAGGGTACT-3′) (Invitrogen/ThermoFisher, MA, USA). PCR reactions were performed in total reaction volumes of 25 μl using ~100 ng of DNA, 0.1 μM of each FW and RV primers, 1x PCR Buffer (5x GoTaq Flexi Buffer, Promega), 1.5 mM of magnesium chloride solution (Promega), 40 mM deoxyribonucleotide triphosphate (dNTP) mix (Bioron GmbH), and 0.5 U of GoTAq DNA polymerase (Promega). PCR reactions were performed on BIO RAD MyCycle thermal cycler (BIO RAD). PCR conditions were: 1 cycle of 5 minutes at 94 °C for initial denaturation, followed by 35 cycles of 30 seconds at 94 °C for denaturation, 30 seconds at 58 °C for annealing and an extension step of 30 seconds at 72 °C; the final extension consisted of 1 cycle of 5 minutes at 72 °C. PCR products were purified using 1 U/μl exonuclease I and 0.05 U/μl shrimp alkaline phosphatase (Fermentas) at 37 °C for 20 minutes, followed by heat inactivation at 80 °C for 15 minutes.
The sequencing reaction consisted of 0.5 μl of BigDye Terminator (Perking-Elmer, CA, USA), 3.4 μl of sequencing buffer (Perking-Elmer), 0.3 μl of primer (FW and RV for tRNA Leu(UUR) analysis), 2 μl of purified PCR product and Dnase/Rnase-free distilled water (GIBCO) in a final volume of 10 μl. The sequencing reaction was performed in a BIO RAD MyCycler thermal cycle (BIO RAD) with the following conditions: an initial denaturation step of 10 seconds at 94 °C, followed by 35 cycles of 10 seconds at 94 °C, 30 seconds at 56 °C for the annealing, and elongation of 2 minutes at 60 °C; the final elongation was performed for 10 minutes at 60 °C. Before loading
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Key players in the gene regulation in response to cellular irradiation. 8, 21 Mitochondrial DNA EVs from irradiated cells that lack mitochondrial DNA (mtDNA) are not able to increase the levels of DNA damage in bystander (non-irradiated) cells. 9 www.nature.com/scientificreports www.nature.com/scientificreports/ on the ABI Prism 3130XL Automatic Sequencer (Perking-Elmer), the products were purified by precipitation using Sephadex columns (Sephadex G-50 Fine, GE Healthcare Bioscience AB, Uppsala, Sweden) according to the manufacturer's instructions. 15 μl of formamide (Applied Biosystems, CT, USA) were added to each pellet in order to maintain the DNA in a single stranded conformation.
Cell irradiation and transportation. Cells were platted and left to grow for 24 h before irradiation. The irradiation protocol comprises two single doses: low dose 0.2 Gy; and high dose 2.0 Gy. Since the irradiation place was different from the place where the subsequent studies were done, cells had to be transported from Instituto de Investigação e Inovação em Saúde (i3S) to Instituto Português de Oncologia (IPO) Porto, where they were irradiated. Transport was done inside a container that kept optimal culture conditions. A stereofoam box was used for the transportation of cells, filled with the heated thermo-accumulators, and transported by foot through a 1.1 kilometers (Km) distance, 13 minutes (min) each way. For every irradiation, a sham control was included in the transport.
Media transfer. A total of 2.5 × 10 5 cells were plated in T25 cell culture flasks for media transfer experiments.
Twenty-four hours after platting, cells were irradiated according to the conditions referred above and kept in the incubator for 60 minutes in normal cell-culture conditions: 37 °C, 5% CO 2 and humidified atmosphere. The media were then collected and filtered with 0.22 μM polyethersulfone (PES) filters (Frilabo). Cells receiving the irradiated cells conditioned media (ICCM) were plated at the same time as the cells that were directly irradiated, kept in the incubator, and their media was replaced by the filtered ICCM. γH2AX evaluation. Cells were plated in 6 mm coverslips for incubation with the γH2AX antibody. The phosphorylated form of the γH2AX histone was evaluated in directly irradiated cells and in cells exposed to ICCM. One hour after irradiation, media was removed and cells were fixed for 30 min at room temperature with a 4% paraformaldehyde (PFA) solution. After three washes with PBS 1×, samples were kept at 4 o C. Cells treated with ICCM were submitted to the same protocol. The primary antibody was anti-human Phospho-Histone γH2AX (S139) [affinity-purified polyclonal rabbit immunoglobulin G (IgG) from R&D Systems] and the secondary antibody was goat anti-rabbit IgG H&L with fluorescent dye (Alexa Fluor 594, AbCam).
The coverslips were removed and washed twice in PBS 1x before adding blocking buffer solution (1% Bovine Serum Albumin -BSA, 0.01% Triton X-100) for 30 min. After a new wash with PBS 1×, lamellae were incubated with the primary antibody (1:250 in blocking buffer) for 60 min, washed again with PBS and incubated with the secondary antibody (1:200 in blocking buffer) for 60 min. After the final washing with PBS, the lamellae were mounted on microscope laminae with Vectashield combined with 4' ,6-diamidino-2-phenylindole (DAPI) (Vector Laboratories), sealed, and stored at −20 o C for posterior analysis. Cells were visualized in a Zeiss Axio Imager Z1 fluorescent microscope. Images were collected, 10 cells for each condition, with 630 amplification and analyzed with ImageJ Version 1.51, to assess the number of γH2AX foci. Both direct IR and ICCM experiments for γH2AX evaluation were repeated three times.
Cell irradiation with EBT3T radiochromic film dose control. 24 hours after platting, cells were irradiated with a 6MV photon beam in a linear accelerator -Novalis Tx from Varian Medical Systems. The cell culture flasks or plates were irradiated with two different doses, 0.2-2.0 Gy, depending on the experiment. The flasks were centered with the irradiation field, and exposed at a source-surface distance (SSD -cells surface) of 100 cm, for a field size of 16×16 cm, with a dose rate of 0.4 Gy/min. The doses were calculated considering the output factor (OF) for the field size used, the percentage depth dose (PDD) at depth of 2 cm for the field size of 16×16 cm and the day dose measured in the accelerator, to eliminate the accelerator dose variation.
In order to ensure a full backscatter condition in the experiment, a backscatter correction factor of 1.5% in the dose was used for the 6MV megavoltage photon beam, according to Yida Hu et al. 36 .
The monitor units (MU) used to administer the dose were calculated as follows: Statistical analysis. Whenever adequate, the results were presented as mean ± standard deviation or mean ± standard error. Cell line experiments were analyzed with Two-Way ANOVA followed by the Bonferroni post-test correction available in Graph Pad Prism software version 5. A p value <0.05 was considered as statistically significant.
Results
In line with previous data 34 , sequencing analysis confirmed the presence of the A3243T tRNA Leu(UUR) mutation in Cy143Bmut cells, with approximately 40% of heteroplasmy, while the Cy143Bwt cells did not show the mutation (Fig. 1A) . As cellular growth rate can influence the response to radiation, we plotted the basal cellular growth for each cell line, to understand how the differences in mitochondrial status could influence their division. We observed that all cell lines grew exponentially, although at different rates. The Cy143Bwt was the one with higher increase in total number of cells, followed by Cy143Bmut, whereas 143B-Rho0 cell line showed the lowest growth rate (Fig. 1B) . To understand the susceptibility of each cell line to irradiation, we irradiated all cell lines with 0.2 Gy and 2.0 Gy (Fig. 1C ) and evaluated the cellular growth of each cell line (Fig. 1D,E) . After IR, all cell lines exposed to 0.2 Gy showed a tendency to grow less than control cells. Irradiation with 2.0 Gy significantly reduced the cell growth of all cell lines compared with control cells (Fig. 1D,E) .
The most important form of damage from IR are DNA DSBs. Basal levels and direct IR damage of nuclear DNA was evaluated using the γH2AX assay. Foci number were counted for controls and at different IR doses (0.2 Gy and 2.0 Gy) ( Fig. 2A) . After IR, all cell lines showed a statistically significant increase in the number of γH2AX foci over to their respective non-irradiated controls (p value <0.001), an effect that was more evident when using the 2.0 Gy IR dose (Fig. 2B) . 143B-Rho0 cell line had the highest increase in γH2AX foci after IR with 2.0 Gy.
Our main aim was to study the role of mtDNA status on the NTE (or bystander effects). To understand if the irradiated cybrid cells could induce damage and trigger cell death in bystander cells, we also investigated the induction of nuclear DNA DSBs in response to ICCM. In these assays, the control was the group of cells receiving media from non-irradiated cells which were submitted to the same conditions as the irradiated cells. ICCM from Cy143Bwt induced a significant increase in the number of γH2AX foci in Cy143Bwt and 143B-Rho0, when irradiated with 0.2 Gy and 2.0 Gy, respectively. No significant increase in γH2AX foci was observed in Cy143Bmut incubated with ICCM from Cy143Bwt cells, either irradiated with 0.2 Gy or with 2.0 Gy. ICCM obtained from Cy143Bmut cells irradiated with 2.0 Gy induced a statistically significant increase of γH2AX foci in Cy143Bwt cells, comparing with those induced with ICMM obtained after irradiation with 0.2 Gy, while Cy143Bmut and 143B-Rho0 cells did not shown increase of γH2AX foci, compared with controls. ICCM collected from 143B-Rho0 cells irradiated with 0.2 Gy or 2.0 Gy was not able to increase DSBs in any cell line (Fig. 3) . 
Discussion
NTE are not yet well understood and the nature of the signals transmitted after IR inducing NTEs in cells remains to be elucidated. Mitochondria are essential organelles that participate in the regulation of a myriad of cellular functions. Of interest to this study, is the fact that mitochondria regulate the response to cell insults, namely radiation damage 37 . In the NTE context, it was suggested that cells without mitochondria or with impaired mitochondrial function do not produce, upon irradiation, factors that induce NTE in non-irradiated cells 38 . In the present work we addressed the influence of mitochondrial dysfunction on NTE signaling, using cybrid cell lines as models, thus ensuring that the observed variations in response to IR are dependent of mitochondria and independent of nuclear background. In our study we included a cybrid cell line harbouring the A3243T mtDNA mutation in the mitochondrial tRNA Leu(UUR) gene (Cy143Bmut), a cybrid cell line harbouring WT mtDNA (Cy143Bwt) and the 143B-Rho0 which lacks mtDNA and gave rise to the other two cybrid cell lines. The use of cybrid cells allows the study of IR and its bystander effects in cells sharing the same nuclear background 31, 39 . Under basal conditions, the Cy143Bwt cells display the higher cellular growth, while the 143B-Rho0 cells display the lower cellular growth rate. This is in line with other reports 34, 40 and demonstrates that mtDNA alterations, and consequent disruption of the mitochondrial oxidative phosphorylation, have a negative impact in cellular growth.
The correlation between mitochondrial dysfunction and DNA damage is still poorly understood in the radiation context. Since the cybrid cells show different cellular growth rates, we wondered if the response to direct exposure to IR could also be different. Direct irradiation had a negative impact in cell growth in all cell lines. The presence of mtDNA mutations has been associated with higher sensitivity to IR 41 , nevertheless, concerning cybrid cell line growth, our results seem to indicate that all cybrid cell lines were similarly sensitive to IR. Also, we did not observe any differences in DSBs formation, when comparing between mtDNA mutated cybrid and the wt cybrid, while 143B-Rho0 cells had a higher degree of DSBs formation, comparing to the former cell lines. The radiosensitivity of cells depleted of mtDNA is a subject of controversy, with reports suggesting that these cells would be more sensitive and others suggesting the opposite 40, 42, 43 . It has already been shown that after irradiation, the oxidative energy production is increased in order for the cells to have more ATP for a correct DNA repair 44 , which could explain why, in our work, 143B-Rho0 cells showed more DSBs after IR, although this needs to be further investigated. The oxidative energy production in the 143B-Rho0 is presumably strongly restricted and thus another possible cause for the increased amount of DNA damage.
Next, to explore NTE of IR, we used ICCM, one of the most employed methods to mimic NTE signalling and response. Considering the fact that cells may respond to ICCM in a similar manner as if they had been irradiated directly 1-3 , we assessed DNA damage in bystander cells. ICCM from Cy143Bwt and Cy143Bmut irradiated cell lines increased DNA damage; however, different effects were observed in response to ICCM from the three cell lines submitted to the same irradiation dose. This could mean that mitochondrial status may affect the ICCM composition and NTE. Considering the effect of Cy143Bwt ICCM in the three cell lines, we hypothesized that if the irradiated cells have wt mtDNA, low doses trigger IR-related signalling to alert neighbour cells and initiate adaptive responses. We postulate that this signalling mechanism might be mitochondria-dependent because we detected a lower amount of DNA damage in response to ICCM from impaired mitochondria cells (Cy143Bmut and 143B-Rho0), subjected to the same low doses. Nevertheless, Cy143Bmut could signal after high dose irradiation, suggesting that their alert mechanisms could be less effective or other stress response mechanism may be activated. ICCM from the 143B-Rh0 did not increase DNA damage, which sustains our hypothesis that NTE may be, at least in part, mediated by functional mitochondria. The absence of mtDNA renders irradiated cells unable to produce/activate any elements capable of inducing DNA damage. Our assumption that the ability of cells to produce or to release a signal after IR may depend on mitochondria is in line with Tartier et al. who showed that cells lacking mtDNA, when exposed to radiation, are not able to signal this insult to other cells. However, these cells were able to react to factors released by cells with normal-functioning mitochondria 38 , as we also observed in our experiments with ICCM from irradiated Cy143Bwt, which induced a significant increase in the number of γH2AX foci in 143B-Rho0 cells.
In the context of our study, ROS emerge as possible mediators of the observed NTE. Preliminary data with our cell models have shown that 143B-Rho0 cells have, under basal cell culture conditions, low levels of ROS, which do not increase after direct irradiation (Fig. S1B ). These data are in accordance with previous reports where it was shown that 143B-Rho0 cells have less amount of ROS 45 . Also, 143B-Rho0 cells do not increase the amount of ROS levels after IR, while Cy143Bwt and Cy143Bmut increase the production of ROS as consequence of direct irradiation (Fig. S1B) . Gonçalves et al. have previously shown that in addition to the production of low levels of ROS, 143B-Rho0 cells have limited capacity to increase ROS levels when subjected to the mitochondrial complex I inhibitor rotenone 45 . Thereby, it is conceivable to hypothesize that the lack of bystander effects induced by 143B-Rho0 ICCM could be due to their inefficiency to release ROS into the extracellular medium as a consequence of irradiation, in contrast with what happens with Cy143Bwt and Cy143Bmut. However, we should also consider that mtDNA by itself may be a mediator of the NTE induced by Cy143Bwt and Cy143Bmut; contrarily, this would not occur with 143B-Rho0 as they do not have mtDNA. A recent report by Ariyoshi K et al. showed that irradiated cells can release mtDNA through exosome-like vesicles to the extracellular media which mediate NTE effects 9 . In fact, in our data we observe the induction of bystander effects by the cybrid cell lines that possess mtDNA (both Cy143Bwt and Cy143Bmut), while 143B-Rho0 cells do not induce these effects.
In this study we verified differential sensitivity to radiation according to mitochondrial fitness, suggesting that modulation of mitochondrial function can have a role in designing therapeutic approaches for radiation resistant cancers.
Conclusion
In our study, we used cybrid cell models to better clarify the role of mitochondria in the non-targeted effects of radiation exposure. We observed that absence of mtDNA prevented irradiated cells from releasing communicating factors to the culture media, capable of inducing a response in non-irradiated cells. Yet, these cells were still able to respond to factors present in the media from irradiated cells lines. The mtDNA mutation A3243T in tRNA Leu(UUR) gene seemed to slightly modify the intrinsic response to ICCM and its ICCM seemed to induce a different response when compared to ICCM from the wild type cell line. Overall, our results suggest that mitochondrial dysfunction seems to affect the response to IR and could change the response of cells to bystander signals.
The use of cybrid cell lines may be important to clarify the impact of mitochondrial dysfunction on the bystander effects of IR. Establishment and use of cybrid cells, comprising different mtDNA mutations, might be helpful in elucidating the consequences of mitochondrial dysfunction at different levels, in the context of IR. This could have interesting applications for precision medicine in Radiotherapy but also aid in the development of strategies of radiation protection for accidental exposures or space related health effects.
